Class I major histocompatibility complex (MHC) molecules, which display intracellularly processed peptides on the cell surface for scanning by T-cell receptors (TCRs), are extraordinarily polymorphic. MHC polymorphism is believed to result from natural selection, since individuals heterozygous at the corresponding loci can cope with a larger number of pathogens. Here, we present the crystal structures of the murine MHC molecule H-2D b in complex with the peptides gp276 and np396 from the lymphocytic choriomeningitis virus (LCMV), solved at 2.18 A Ê and 2.20 A Ê resolution, respectively. The most prominent feature of H-2D b is a hydrophobic ridge that cuts across its antigen-binding site, which is conserved in the L d -like family of class I MHC molecules. The comparison with previously solved crystal structures of peptide/H-2D b complexes shows that the hydrophobic ridge focuses the conformational variability of the bound peptides in a``hot-spot'', which could allow optimal TCR interaction and discrimination. This ®nding suggests a functional reason for the conservation of this structural element.
Introduction
Virus-infected cells utilize the proteasome to process viral proteins; the resulting peptidic fragments are transported to the cell surface by class I major histocompatibility complex (MHC) molecules. 1 
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cytotoxic T-lymphocytes (CTLs) interact speci®cally through their surface-expressed T-cell receptors (TCRs) with the complexes between peptides and class I MHC molecules (pMHCs). 2 Activation of the CTLs triggers a series of molecular events that eventually result in the apoptosis of the infected cells.
Class I MHC molecules are dimeric proteins consisting of a heavy chain and a light chain (b 2 -microglobulin). Processed peptides, deriving from both self and non-self proteins, bind in a cleft delimited on either side by an a-helix belonging to the a1 and a2 domains of the heavy chain. 3, 4 The C and N termini of the bound peptides are generally buried in the binding cleft, while their middle portion can kink or arch above the cleft, exposing the central residues and making them available for interaction with the TCRs. Invariant anchor residues in the peptide sequence mediate binding to a speci®c class I MHC molecule allele; these are accommodated in speci®c pockets formed by the polymorphic residues of the heavy chain. Consequently, different class I MHC allelic products bind different sets of peptides. 3, 4 During the thymic selection of the TCR repertoire (reviewed by Goldrath & Bevan 5 ), the thymocytes that carry TCRs giving rise to low-af®nity interactions with MHC-bound self-peptides are positively selected, and are incorporated into the pool of mature lymphocytes circulating in the periphery. In contrast, those that recognize self-peptides with high af®nity are eliminated. TCR engagement with low-af®nity self-antigens is needed to ensure a pool of peripheral T-cells that contains TCRs that can recognize MHCs bound to non-self peptides with high af®nity. This event leads to triggering of mature CTLs. The number of slightly different peptides presented by MHC molecules, originating from pathogens but also from host proteins, is enormous. Consequently, TCRs must be able to distinguish between their cognate pMHCs and a plethora of unrelated antigens, as well as discriminate between foreign antigens among an overwhelming number of homologous self-peptides. As an additional complication, the presence of the correct anchor residues does not ensure binding to the corresponding class I MHC molecule. 6 Ultimately, the appropriate response must be delivered.
Class I MHC molecules are characterized by an unusual degree of polymorphism; 7 a large number of different alleles are represented in a population at signi®cant frequency (>1 %). It has been proposed that heterozygosis at the MHC loci will confer the ability to bind a wider array of pathogenic peptides, thus increasing the probability of survival. 8 Support for this hypothesis has been obtained by DNA sequence analysis. 9 In brief, in the MHC exons coding for the antigen-binding region, non-synonymous nucleotide substitutions outweigh synonymous ones. In the remaining exons, the opposite phenomenon is observed. This pattern suggests that MHC polymorphism is indeed guided by natural selection. The threedimensional structures of MHC molecules can offer an additional level of rationalization of the factors that direct MHC evolution.
The lymphocytic choriomeningitis virus (LCMV) is a non-cytopathic arenavirus pathogenic for mice. During the course of an LCMV infection, mice of the H-2 b haplotype generate a CTL response directed mainly towards three epitopes. 10 Two of them, gp33 (residues 33-41, KAVYNFATC) and gp276 (residues 276-286, SGVENPGGYCL), are derived from the viral glycoprotein; the third one, np396 (residues 396-404, FQPQNGQFI), is derived from the viral nucleoprotein. The undecameric peptide gp276 is an unusually long class I MHCrestricted epitope. All three peptides contain the anchor residue Asn in position P5, and gp276 and np396 carry a hydrophobic residue at the C terminus (P9 or P11). These two characteristics de®ne the class I MHC molecule H-2D b binding motif.
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The murine H-2D b belongs to a group of class I MHC molecules 12 that have evolved a conserved cluster of three hydrophobic residues that form a ridge extending across the antigen-binding site. 13 We have solved the crystal structure of gp33/H-2D b . 14 In the present study, we have determined the crystal structures of gp276/H-2D b and np396/ H-2D b , and we have compared them to the available three-dimensional structures of peptide/H-2D b complexes, 13 ± 15 to elucidate the effect of the hydrophobic ridge on the conformation of the bound peptides, and to understand the possible implications for TCR recognition and class I MHC evolution.
On the basis of our structural ®ndings, we propose that evolution has led towards conservation of this structural feature, rather than towards diversi®cation, because the hydrophobic ridge allows optimal TCR interaction.
Results
Overall crystal structures of the LCMV peptide/ H-2D b complexes
The overall conformation of the MHC complex domains is very similar in all three structures. When compared to the gp33/H-2D b structure, We observed differences in the relative orientation of the single domains; however, this has been observed in analogous cases. 3 Such variations can be ascribed to the¯exible connection between a1/a2 and a3, and to differences in crystal packing.
Continuous and unambiguous electron density clearly de®nes the bound peptides ( Figure 1) . A network of hydrogen bonds connects almost all the main-chain nitrogen and carbonyl oxygen atoms to H-2D b atoms, and keeps the peptidic backbones in an extended conformation (Figure 2(a) ). Most of these hydrogen bonds are conserved across the three LCMV peptide/H-2D b complexes (Table 1 ). In the previously determined structures of the complexes of H-2D b with the in¯uenza virus peptide np366 (residues 366-374, ASNENMETM), 13 and with the Sendai virus peptide np324 (residues 324-332, FAPGNYPAL), 15 the hydrogen bonding pattern is also the same (Table 1) . The role of conserved hydrogen bonds in the binding of peptides of different sequence to the same class I MHC molecule has been discussed extensively. 3, 4 As observed previously for analogous systems, the extensive network of hydrogen bonds between the protein's side-chains and the peptides' invariable main-chain atoms allows for high-af®nity yet sequence-independent binding.
Gp33/H-2D b
In the gp33/H-2D b structure 14 there are four complexes per aymmetric unit. When considering only the bound peptide, the only remarkable difference among the non-crystallographic symmetry-related molecules is Tyr P4 , which exhibits two alternative conformations. In two of the molecules, the presence of crystal contacts forces the Tyr P4 side-chain to rotate by almost 180 around its w 1 dihedral angle, when compared to the conformation in the other two. 14 14 indicates that also Cys P10 could be accomodated in the F pocket. If that were true, the C-terminal residue would extend out from the binding site; this binding mode has been observed just once so far in the case of the human HLA-A2.1 molecule in complex with a decameric peptide. 21 However, the crystal structure of gp276/H-2D b shows that Leu P11 is located in the F pocket and is indeed the C-terminal anchor residue. The additional length of the undecameric gp276 peptide, which comprises ®ve residues between the two anchors P5 and P11, is accommodated by further bulging of the peptidic chain upwards (Figure 1 ), away from the¯oor of the binding site and into the solvent, and towards the a1 a-helix (Figure 2(a) ). The resulting conformation corresponds to a hydrogen-bonded type I b-turn, 22 spanning Pro P6 to Tyr P9 ( Figure 1 ). In the MTF-E/ RT1-A a complex, 20 the longer 13 residue peptide assumed two alternative, highly solvent-exposed conformations, containing one or two (I, I 2) double turns. 23 In gp276, Glu P4 , Gly P7 , Gly P8 , and Tyr P9 are the most solvent-accessible residues (together contibuting over 85 % of the total 347 A Ê 2 ). Interestingly, the introduction of two extra residues does not increase the gp276 total solvent accessible surface signi®cantly, when compared to np396 (347 A Ê 2 versus 343 A Ê 2 ); and the increase is less than 15 % in comparison with gp33 (347 A Ê 2 versus 305 A Ê 2 ). Alternatively, when considering only the residues between the anchors, the solventaccessible surface increases dramatically (242 A Ê 2 versus 172 A Ê 2 and 135 A Ê 2 , respectively). Gly P7 and Gly P8 , the b-turn central residues, are 95 % and 100 % solvent-exposed, and are the only gp276 resi- 
a As identi®ed by HBPLUS 17 using default parameters. b P-1 corresponds to residue P8 for the nonameric peptides, and to P10 for the undecameric gp276 peptide.
c P corresponds to residue P9 for the nonameric peptides, and to P11 for the undecameric gp276 peptide. Zooming in on the Hydrophobic Ridge of H-2D b dues that are not involved in any hydrogen bonds. Downstream of this sequence, the main chain resumes a``standard'' conformation: the C a positions of residues P9-P11 of gp276 are almost superimposable with those of residues P7-P9 of the nonameric peptides (Figure 2 (a)), and their mainchain atoms are held in position by homologous hydrogen bonds (Table 1) , with the only noticeable exception of the P9/P7 pair. Therefore, in order to compare the peptides, the last three C-terminal residues can be denominated P, P-1, P-2 ( Figure 2 (a)), starting from the residue that is accomodated in the F-pocket and moving backwards towards the N terminus (nomenclature as in reviews by Madden 3 and Bakalia & Collins 4 ).
Comparison between the H-2D b -bound peptides
Peptides in complex with class I MHC molecules have been compared superimposing the entire a1/ a2 domains. 15, 24 We have taken a somewhat different approach to perform a structural comparison between the various pMHCs. Digested protein fragments are displayed on the cell surface by MHC molecules in order to be scanned and recognized by TCRs. This interaction must be taken into account in the evaluation of the conformational differences in displayed peptides. In our comparison of the H-2D b -bound peptides, we have tried to analyze such differences in this structural framework, by superimposing only those portions of the MHC molecules that are known to interact with the TCRs, based on biochemical 25 ± 27 and structural 28 ± 33 studies, namely, the a1 and a2 ahelices¯anking the peptide binding groove (Figure 2(a) ).
We have used the coordinates of the complexes of H-2D b and the three LCMV-derived peptides, gp33 14 (PDB code 1fg2), gp276 and np369 (this study, PDB code 1jpf and 1jpg, respectively), as well as those with the in¯uenza virus peptide np366 13 (PDB code 1hoc), and the Sendai virus peptide np324 15 (PDB code 1ce6). The structural superpositions and the rms deviations were calculated using Lsqman. 34 We ®rst identi®ed np324/H-2D b as a reference structure, since it yields the lowest average rms deviation in the pairwise superposition of the C a coordinates of the a1 and a2 helices from the different complexes. Then, we determined the rms deviations between the C a positions of the peptides after aligment of the above-mentioned helices. Given the equivalence between gp276 P9- P11 and P7-P9 of the other peptides (Figure 2(a) ), we compared the full length of the reference nonameric np324 with the ®rst six and the last three residues of the undecameric peptide; namely, the P1-P6 and the (P-2)-P intervals. Overall, the ®ve peptides are highly superimposable and overlap extensively (Figure 2(a) ), showing rms deviations ranging between 0.49 A Ê (np366) and 0.90 A Ê (gp33), and C a displacements within 1.0 A Ê from the reference (Figure 2(b) ). The only noticeable exception is the P6 position, which deviates between 1.0 A Ê (np366) to 2.3 A Ê (gp33) from the reference (Figure 2(b) ).
The ridge formed by the three aromatic residues, Trp73 from the a1-helix and Trp147 and Tyr156 from the a2-helix, is a distinctive feature of H-2D b . 13 The two tryptophan residues reach out from either side of the cleft, and expose their N e1 atoms to the solvent. The tyrosine residue lies on the¯oor of the cleft, pointing its hydroxyl group towards the tryptophan residues in the center of the cleft. In combination with the highly conserved 3 hydrogen bond between Trp147 and the P-1 main-chain carbonyl oxygen atom, the presence of two other potential hydrogen-bond partners offers alternative binding modes to the peptides. The two LCMV peptides gp276 and np396, as already observed for gp33, 14 fully exploit this hydrogen-bonding potential (Figure 3(a) ). The main-chain carbonyl oxygen atoms of the peptide residues P6 from all three LCMV-derived antigens bind to Trp73 N e1 , the P-2 main-chain carbonyl oxygen atoms bind to the Tyr156 hydroxyl group via a conserved water molecule, and P-1 binds to Trp147 N e1 (Figure 3(a) ). This hydrogen bonding network is different from that observed (Figure 3(b) ) in the previously determined structures with np366 from in¯uenza virus, 13 and np324 from Sendai virus. 15 Despite having the same architecture of the ridge, the main-chain carbonyl oxygen atom of P6 is free, and Trp73 N e1 hydrogen bonds P-2; the hydrogen bond between Trp147 N e1 and P-1 is conserved also in this case (Figure 3(b) ).
In previous crystallographic analyses of the H-2D b binding cleft and of another class I MHC molecule, H-2L d , 35 which possesses the same triad of aromatic residues, the hydrophobic nature of the ridge has been emphasized. In contrast, the comparison among the available H-2D b complexes shows that its polar, hydrophilic characteristics are important determinants of the conformation of the bound peptides.
The surface hydrophobicity and hydrophilicity of a protein can be calculated and visualized using the program HydroMap. 36 The resulting hydrophobicity maps provide an intuitive, but nonetheless rigorous aid for the analysis of the interactions between proteins and ligands. Figure 4 shows the prominently hydrophilic nature of the solventexposed portion of the ridge. On the other hand, this feature alone cannot account for the different conformation of the ®ve peptides bound to H-2D b .
On the a2-helix side of the ridge there is the E pocket, 19 a shallow, hydrophobic patch delimited by Ser150, Ala152 and His155 on the sides, and closed on the bottom by Trp147 and Tyr156. In the (Figure 4(a) ), the aromatic ring of Phe P6 lies in the E pocket, and is in van der Waals contact with Ala152 and His155. This interaction pulls the P6 C a towards the a2-helix. In the extreme case of np324 (Figure 4(b) ), Pro P7 instead occupies the E pocket, close to Ala152. Tyr P6 stacks on top of His155, which is rotated around its w 2 dihedral angle by almost 90 with respect to the gp33 structure. As a result, the C a of Tyr P6 is now pushed towards the a1-helix. np366 (Figure 4 . The C a of Gly P6 almost ovelaps with that of gp33 Phe P6 (Figure 2(a) ). Finally, the interactions of P6 and P-2 with the hydrophobic E pocket are also crucial in determining the local conformation of the longer gp276 peptide (Figure 4(e) ): Pro P6 stacks against His155, which retains the same conformation as in the gp33/H-2D b structure, and Tyr P9 comes in close proximity with Ser150 and Ala152. As a consequence, the two intervening residues, Gly P7 and Gly P8 are forced upwards and towards the a1-helix. 
Variability among other class I MHC-bound peptides
We have structurally evaluated the variability of peptides bound to other murine as well as human class I MHC molecules, using the same procedure as for H-2D b . In H-2K b , the murine class I H-2K molecule belonging to the H-2 b haplotype, residues 73 and 156 are serine and tyrosine, respectively, and the¯oor of the peptide-binding cleft is relatively¯at. The coordinates of H-2K b in complex with two octameric peptides, VSV-8 24 (PDB code 2vaa) and OVA-8 38 (PDB code 1vac), and one nonameric peptide, SEV-9 24 (PDB code 2vab) were used. The reference structure is VSV-8/H-2K b , and the ®rst four and the last four residues of each peptide were used. In this case, the graph showing the C a displacements does not indicate any outliers ( Figure 5(a) ).
Several crystal structures are available of the human class I MHC molecule HLA-A (allele A*0201) in complex with different peptides. Due to the presence of threonine 73 and leucine 156, this molecule also has a¯at peptide-binding groove. Six different nonameric peptides were selected: HIV-1 gp120 39 (PDB code 1hhg), HIV-1 RT 476-484 39 (PDB code 1hhj), HTLV-1 Tax 39 (PDB code 1hhk), HIV-1 RT 309-317 40 (PDB code 1akj), HER-2/neu GP2 41 (PDB code 1qr1), and p1049 42 (PDB code 1b0 g). Also included was the decameric calreticulin leader peptide 21 (PDB code 2clr), which binds between P1 and P9 in register with the shorter ones. Figure 5 (b) describes the C a distances from the reference peptide (p1049/HLA-A*0201), and shows that the variability is spread across the central residues (P4 to P6).
Discussion TCR recognition of pMHCs
Vital to the proper development and functioning of the T-cell-mediated cellular immunity is the capability of TCRs to bind and differentiate among ligands. The selection of the TCR repertoire in the thymus, and the survival and proliferation of naõ Ève and memory T-cells in the periphery (reviewed by Goldrath & Bevan 5 ) , are based on the ability of TCRs to interact speci®cally, but with low af®nity, with pMHCs. 43, 44 Using an H-2D b -restricted antigen in transgenic mice, 45 it was demonstrated how 36 and rendered on the molecular surface generated in GRASP. . 45 A single TCR must therefore be able to discriminate between self and non-self, as well as between different antigens.
Before crystal structures of ternary TCR/peptide/MHC complexes were available, mapping of the TCR contacts on the pMHC surface 25 had delineated the topology of the TCR/peptide/MHC interaction, showing how the complementaritydetermining regions (CDRs) 1 and 2 from the a and b TCR subunits interacted with the relatively conserved a-helices of the MHC molecules. The most variable TCR loops, namely the CDRa3 and b3, interact with the central part of the MHCbound peptides. Recently, the structure determination of several ternary complexes, involving both murine 29, 32, 33 and human 28, 30, 31 MHC molecules, allowed the direct visualization of this binding mode, which assigns the discriminatory function to the a3 and b3 loops. In all cases, the TCR is oriented diagonally with respect to the pMHC surface, with the a subunit contacting the complex on the peptide N-terminal side, and the b subunit over the C-terminal one. The interaction with the peptide is always limited to a very few residues.
Of particular interest for our discussion is the role of the peptide residue P6 in the process of TCR recognition. In the case of the murine complexes (2C/dEV8/H-2K ), which contain octameric antigens, the P6 side-chain is always involved in hydrogen bonds with the TCR. The complexes between the human molecules and the nonameric Tax peptide (A6/HLA-A2/Tax, 28 and B7/HLA-A2/Tax 30 ) show only a van der Waals interaction between the TCR and the main-chain carbonyl oxygen atom of Pro P6 , whose side-chain is buried in the MHC antigen-binding cleft. In the complex between A6 and the HLA-A2-bound P6A mutant of the Tax peptide, 31 a low-af®nity antagonist for the TCR, an enlarged cavity has been observed at the TCR-pMHC interface; this cavity is occupied only partially by a water molecule bound to the Ala P6 main-chain nitrogen atom. The loss in TCR af®nity has been attributed to this interface defect, 46 which demonstrates the sensitivity of the pMHC recognition by TCRs also in the absence of a direct interaction.
The hydrophobic ridge in class I MHC molecules
The analysis presented here of the crystal structures of the complexes between H-2D b and the three LCMV peptides, and their comparison with those with the in¯uenza virus 13 and the Sendai virus 15 peptides, shows that the hydrophobic ridge that cuts across its antigen-binding site is a distinctive structural feature of H-2D b . Of the three residues that form the ridge, Trp73, Trp147, and Tyr156, only Trp147 is highly conserved among all MHC class I molecules (see the Kabat database Interestingly, this triad of residues (Trp73, Trp147, Tyr156) is not exclusive to MHC molecules encoded by the D region of the mouse H-2 complex (H-2D and H-2L loci). The ridge is also found in the K region, 48 as well as in the Q region. 49 The latter encodes for``non-classical'' class I MHC molecules. Conversely, no known example exists for the human HLA complex, as seen in IMGT{, the international ImMunoGeneTics database. 50 Trp147 is conserved also in the HLA complex, but neither a Trp in position 73, nor a Tyr in the highly variable position 156, have been observed to date. This ®nding con®rms the absence of the hydrophobic ridge in the HLA molecules. Instead, a comparable ridge, formed by the protrusion of hydrophobic residues in the peptide-binding groove, is found in the rat RT1-A a molecule. 20 In this case, three different residues, Tyr152, Trp70, and Tyr9, intersect and divide the groove at its midpoint.
An evolutionary hypothesis
The unusually high level of sequence similarity observed between the MHC class I molecule H-2L d and a number of different MHC class I H-2D and H-2L gene products, 51 suggests the existence of an L d -like family of molecules. Furthermore, an analysis of the primary structure conservation among the L d -like family members demonstrates both a tight evolutionary relationship, 52 and the existence of a selective advantage in maintaining an L d -like structure. 52 The analysis of the class I MHC antigen-binding domains, 12 using an average distance method, which groups the most similar sequences, demonstrated the presence of a cluster of evolutionarily related MHC alleles, namely L The possibility that the maintenance of the ridge could confer an evolutionary advantage has been suggested, on the basis of sequence 52 and structural information. 13 The new structural data shown here, together with the comparative analysis of all Although crystal structures of ternary complexes involving H-2D b are unavailable, the emerging principles of pMHC recognition by TCR delineated above should be applicable also to this molecule. The protrusion of the bound peptides between P5 and P, caused by the hydrophobic ridge, could correspond to an increased importance of this area, which represents the most signi®cant fraction of the peptides' solvent-accessible surface (44 % for gp33, 50 % for np396, 62 % for np366, 70 % for gp276, and 72 % for np324). This effect is observed in the modelled ternary complex between the 2C TCR and QL9/H-2L d . 53 The bulge in the C-terminal portion of the QL9 peptide, induced by the hydrophobic ridge, enhances the pMHC/TCR interaction by increasing the number of contacts with the QL9 C terminus. The binding-groove of the rat RT1-A a contains a hydrophobic ridge, 20 albeit in a different position; homology modelling of the interaction between MTF-E/RT1-A a and the 2C, A6, and B7 TCRs 20 shows close contacts involving the protruding portion of the 13 residue MTF-E peptide. In the H-2D b complexes, the bound peptides' main chain is allowed to follow different paths between the two anchors, due to the alternative hydrogen bonding network. The localization of the H-2D b -bound peptide variability around P6 (Figure 2(b) ) might translate into optimal TCR discrimination between antigens and between self and non-self, and could justify the conservation of the hydrophobic ridge in different class I MHC alleles.
Our comparison shows that a¯at binding groove, like that of the human HLA-A*0201, can allow for considerable conformational variability of the bound peptides ( Figure 5(b) ). The equally¯at binding groove of the murine H-2K b does not ( Figure 5(a) ). The solution adopted by the L d -like molecules seems effective. It is likely that the human HLA molecules have evolved alternative strategies to permit improved TCR discrimination. a Numbers in parentheses refer to the outermost resolution shell. b R merge AE hkl AE j jI j,hkl À hI hkl ij/AE hkl AE j I j,hkl , where hI hkl i is the average of the intensity I j,hkl over j 1, . . . ,N observations of symmetryequivalent re¯ections hkl.
c R-factor (AE hkl jjF o j À jF c jj)/AE hkl jF o j, where jF o j and jF c j are the observed and calculated structure factor amplitudes, respectively. d R free is the same as R-factor but is calculated using 10 % of the re¯ections that were excluded from the re®nement. e This value refers to all four molecules in the asymmetric unit. f Calculated with PROCHECK. 57 Zooming in on the Hydrophobic Ridge of H-2D b Simple mathematical considerations 54 proved that T-cells must be extremely cross-reactive to ensure a complete coverage of the full universe of foreign peptides. This occurs to the extent that each single TCR could react with approximately 10 6 different pMHCs. 54 The``molecular trick'' played by the L d -like molecules could be one of many that are used to enhance the differences between MHC-bound peptides and, ultimately, might help achieve discrimination between ligands.
Materials and Methods
The peptides were synthesized and puri®ed by Chiron Technologies (Clayton Victoria, Australia) to 95 % purity and analyzed by mass spectrometry. ). The protein concentrations were determined spectrophotometrically. 55 
Crystallization
Crystals of the three complexes were grown by the hanging drop vapor diffusion method, by mixing 2 ml of protein solution with 1 ml of reservoir solution at 4 C. As reported, 14 
Data collection and processing
Prior to data collection, the crystals were transferred into a buffer containing the reservoir solution enriched with 20 % (v/v) glycerol, and¯ash-frozen in a stream of liquid nitrogen at a temperature of 100 K. As described, 14 the gp33/H-2D b data were collected to a maximum resolution of 2.75 A Ê , using an Enraf Nonius CuKa rotating anode X-ray source, equipped with double focusing mirrors (MacScience). The gp276/H-2D b and np396/H-2D b data were collected to a maximum resolution of 2.18 A Ê and 2.20 A Ê , respectively, on the Swiss-Norwegian Beam Lines, Station BM1A, at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
The data were processed and scaled using the HKL suite of programs (Denzo and Scalepack
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). Data statistics are presented in Table 2 .
Structure solution
The structure determination was carried out using the molecular replacement method with the program AMoRe, 58 using as a search model the p1027/H-2D b complex 42 (PDB code 1bz9), after removal of the p1027 peptide.
As described, 14 in the case of gp33/H-2D b the structure solution indicated the presence of four complexes in the asymmetric unit. After ®nding two strong crossrotation function peaks, the subsequent translation function search detected a total of four strong peaks, which corresponded to four molecules; two of them had independent orientations, while the other two were related to the ®rst pair by simple translation. Rigid-body re®ne-ment of the four solutions from the rotational and translational search gave a correlation coef®cient of 57.4 %, and an R-factor of 48.8 %.
A similar procedure was used for the structure determination of the other two peptide/H-2D b complexes, but in this case only one complex per asymmetric unit was present. Single solutions were found and, after rigidbody re®nement, the correlation coef®cient and R-factor 
Refinement
The relative orientation of the heavy chain and b 2 -microglobulin was optimized by performing independent rigid-body re®nement of the two subunits with CNS. 59 Cycles of structure re®nement in CNS, utilizing the maximum likelihood target, were alternated with manual rebuilding of the model in O. 60 All observed data (jFj > 0.0 s) at the full resolution range were used, and anisotropic B-factor correction and bulk solvent correction were applied. Torsion angle simulated annealing at 5000 K was utilized in the early stages of re®nement. Model ®tting in O was carried out using cross-validated s-A-corrected 61 2F o À F c maps. The presence of the peptides and their conformations were con®rmed by using F o À F c difference maps. Each peptide was introduced in the respective structure as a poly-alanine model, after the R work and R free factors had decreased below 28 % and 30 %, respectively; the appropriate side-chains were introduced in later stages.
For gp33/H-2D b , 14 strong non-crystallographic symmetry restraints (300 kcal mol À1 A Ê À2 ) were applied to the four molecules in the asymmetric unit. The restraints were later released for the residues that showed different orientations or backbone conformations in the four molecules, due to interactions with non-crystallographic symmetry-related mates. Grouped B-factor re®nement was initially performed using one value per residue, and towards the end of re®nement two B values per residue were re®ned, one for the backbone atoms and one for the side-chain atoms. The 4-fold non-crystallographic symmetry average maps produced with the program DM 62 were used throughout the model-building process.
The ®nal R work and R free values were 23.6 % and 27.6 %, respectively (Table 2 ).
In the early stages of re®nement of gp276/H-2D b and np396/H-2D b , two B-factors per residue were re®ned; at the end, individual B-factors were re®ned. The ®nal R work and R free values for gp276/H-2D b were 21.1 % and 26.2 %, respectively, and for np396/H-2D b they were 22.8 % and 28.8 %. The crystallographic statistics are summarized in Table 2 .
Calculation of hydrophobicity maps
The surface hydrophobicity was calculated with HydroMap. 36 The procedure comprises two steps: ®rst, the binding energy of a non-polar spherical probe to the protein is evaluated, taking into account both the electrostatic and the van der Waals contibutions to the binding. Second, the binding energy is rendered on a molecular surface produced in GRASP, 37 and color-coded: green is used for the most hydrophobic regions, white for the intermediate, and blue for the hydrophilic ones.
Selection of pMHCs for comparative analysis
For the structural comparisons, the peptides were chosen according to the following criteria: (a) the presence of canonical anchor residues, as de®ned in the SYFPEITHI database; 63 (b) the presence of unmodi®ed amino acids; and (c) the presence of the wild-type sequences.
Protein Data Bank accession codes
Coordinates have been deposited in the PDB with codes 1jpf and 1jpg.
